Adjuvant compounds are usually included in vaccinations in order to bolster total vaccine-specific responses or to tailor an immune response toward a desired endpoint, such as the production of gamma interferon or an increase in antibody titers. While most adjuvants are studied in regard to their impact on vaccine-specific responses during and just after the vaccination period, a detailed analysis of how adjuvants skew the Th1/Th2 axis at more distant time points is not often undertaken. In the current study, we present data that suggests that adjuvants differ in their relative abilities to bolster and skew immune responses in the short term compared with more distant time points. To that end, we have employed interleukin-12 (IL-12) and IL-28B as adjuvants for DNA vaccination of rhesus macaques. While both adjuvants were able to bolster Th1-biased responses, our analysis shows that this skewing was achieved through different mechanisms. Moreover, analysis 3 months after the final immunization revealed the activity of the IL-12 adjuvant to be short lived, while the IL-28B adjuvant continued to exert its influence on the immune system. Taken together, these data suggest that the scientific and medical communities would benefit from a more detailed analysis of adjuvant function, including the determination of long-term influences of administered adjuvants.
Adjuvant compounds are usually included in vaccinations in order to bolster total vaccine-specific responses or to tailor an immune response toward a desired endpoint, such as the production of gamma interferon or an increase in antibody titers. While most adjuvants are studied in regard to their impact on vaccine-specific responses during and just after the vaccination period, a detailed analysis of how adjuvants skew the Th1/Th2 axis at more distant time points is not often undertaken. In the current study, we present data that suggests that adjuvants differ in their relative abilities to bolster and skew immune responses in the short term compared with more distant time points. To that end, we have employed interleukin-12 (IL-12) and IL-28B as adjuvants for DNA vaccination of rhesus macaques. While both adjuvants were able to bolster Th1-biased responses, our analysis shows that this skewing was achieved through different mechanisms. Moreover, analysis 3 months after the final immunization revealed the activity of the IL-12 adjuvant to be short lived, while the IL-28B adjuvant continued to exert its influence on the immune system. Taken together, these data suggest that the scientific and medical communities would benefit from a more detailed analysis of adjuvant function, including the determination of long-term influences of administered adjuvants.
Adjuvant compounds are employed in numerous vaccination strategies as a method for augmenting antigen-specific immune responses-both cellular and humoral. The employment of cytokine adjuvants allows the user to tailor more specific immune responses to the target antigen, allowing the creation of a vaccine that drives immune responses that are believed to be important for control of the targeted pathogen. Vaccines that are meant to induce antibody responses, for instance, benefit from cytokine adjuvants that drive Th2-biased humoral responses (5, 6, 11, 15) . If the desired endpoint of vaccination is a strong cellular response, Th1-biased cytokine adjuvants may be beneficial (2-4, 7, 8, 10-12, 14, 16) . The usefulness of adjuvants that are employed in this way is normally gauged via observation for an increase in the desired response, such as increased gamma interferon (IFN-␥) production (1-3, 7, 9, 10, 12). However, Th1 or Th2 skewing by an adjuvant may involve not only increases in a specific Th response but also repression of the opposite end of the axis. Thus, Th1-biased cytokines may skew antigen-specific immune responses not only by increasing Th1 responses but also by repressing Th2 responses. Unfortunately, the modulation of the Th1/Th2 axis by adjuvants during vaccination is rarely analyzed. Moreover, the modulation of Th responses is most often analyzed during or just after vaccination, with little observation of more distant memory time points.
With this in mind, we have analyzed the ability of two distinct Th1-skewing cytokine adjuvants, interleukin-12 (IL-12) and IL-28B, for their effects on the Th1/Th2 axis during vaccination and 3 months after the final immunization to determine what the short-term and long-term influences of these adjuvants were. Through the use of flow cytometry, we have been able to analyze the impact of these cytokine adjuvants on the production of the prototypical Th1 and Th2 cytokines IFN-␥ and IL-4, respectively. Our results suggest that while both adjuvants skew responses toward a Th1 phenotype just after the termination of the vaccination period, they achieve this endpoint via different effects on IFN-␥ production or inhibition of IL-4 production. Additionally, each adjuvant has distinct influences on different T cell compartments, as IL-12 induced IFN-␥ production heavily from the CD4 ϩ T cell subset, while IL-28B induced IFN-␥ production primarily from the CD8 ϩ T cell subset. Moreover, the data suggest that while both cytokine adjuvants show strong Th1 skewing just after the termination of the vaccination period, these effects wane as the primary immune response dies down when employing IL-12 as an adjuvant, while the IL-28B adjuvant was able to maintain the Th1 bias in long-lived responses. Thus, the data suggest that different adjuvants affect the Th1/Th2 axis through unique mechanisms and that some adjuvants may be more appropriate for long-term Th1 skewing than others.
MATERIALS AND METHODS

Animals.
Rhesus macaques (Macaca mulatta) were housed at BioQual, Inc. (Rockville, MD), in accordance with the standards of the American Association for Accreditation of Laboratory Animal Care. Animals were allowed to acclimate for at least 30 days in quarantine prior to any experimentation.
RESULTS
Study design, vaccine composition, and gating strategy. Previous studies have shown that both IL-12 and IL-28B drive strong Th1-biased cellular immune responses both in small animal models (10) and nonhuman primate models of vaccination when used as adjuvants (12) . Those studies focused largely on analyzing gamma interferon (IFN-␥) production during and after the immunization period, with no significant analysis of Th2 responses, such as the production of interleukin-4 (IL-4). Thus, in the current study, we have analyzed the production of both IFN-␥ and IL-4 from CD4 ϩ and CD8 ϩ T cells just after the termination of the immunization period and at a 3-month follow-up time point in an effort to determine the short-term and long-term influence of adjuvants on the Th1/ Th2 axis. In order to accomplish this, groups of rhesus macaques (n ϭ 4) were immunized with antigen alone, antigen in combination with the IL-12 adjuvant (designated macIL-12), or antigen in combination with the IL-28B adjuvant (designated macIL-28B) (Fig. 1A) , and analysis of IFN-␥ and interleukin-4 production was performed at the indicated time points (Fig. 1B) . Cytokine production was detected in PBMC via intracellular cytokine staining followed by flow cytometry using the gating strategy shown in Fig. 1C .
IL-12 and IL-28B adjuvants exert different influences on IL-4 and IFN-␥ production two weeks postvaccination. In order to determine if the macIL-12 and macIL-28B adjuvants were influencing cytokine production profiles, we analyzed the CD4 ϩ and CD8 ϩ T cell compartments 2 weeks after the final immunization. The results of this analysis show that, compared to immunization using antigen alone, both the macIL-12 and macIL-28B adjuvants actively repressed antigen-specific IL-4 production from both CD4 ϩ and CD8 ϩ T cells ( Fig. 2A ). More specifically, the macIL-12 adjuvant was able to induce an impressive 10-fold reduction in antigen-specific IL-4 expression by CD4
ϩ T cells, while macIL-28B repressed IL-4 expression by just over 3-fold compared with its expression following immunization using antigen alone ( Fig. 2A, upper left) . Repression of IL-4 production was also observed in the CD8 ϩ T cell compartment, with the macIL-28B adjuvant showing a robust 10-fold inhibition of cytokine production, compared to a roughly 5-fold inhibition exhibited by macIL-12 ( Fig. 2A , upper right).
As the results of a previous small animal study have suggested possible modulation of the antibody responses by IL-12 and IL-28B (10), we also assayed for p24-specific antibodies in the plasma of immunized animals. No difference was seen in antibody titers (data not shown), suggesting that antibody responses are not significantly modulated by these adjuvants.
Upon seeing that both adjuvants were exerting a repressive effect on Th2 cytokine production, we assayed for the presence of IFN-␥, a prototypical Th1-type cytokine. Analysis of antigen-specific IFN-␥ production showed that the macIL-12 adjuvant exerted a greater influence on IFN-␥ production from CD4 ϩ T cells than macIL-28B, as the animals receiving IL-12 exhibited a nearly 2-fold-greater percentage of IFN-␥-producing cells than the animals immunized with antigen alone, while animals that received the macIL-28B adjuvant did not show any difference in cytokine-positive cells ( Fig. 2A, lower left) . Analysis of the CD8 ϩ T cell compartment again showed a pattern in which the macIL-28B adjuvant exerted the strongest influence, with nearly 2-fold more IFN-␥-producing cells generated than with immunization using antigen alone or antigen in combination with the macIL-12 adjuvant ( Fig. 2A, lower  right) . Analyses of these data together with the IL-4 data show a pattern in which immunization with antigen alone drives Th1 responses to a greater extent than Th2 responses in T cells, while the addition of the macIL-12 (P Ͻ 0.05) or macIL-28B (P Ͻ 0.05) adjuvants increases Th1 cytokine synthesis and actively inhibits Th2 cytokine synthesis (Fig. 2B) . Interestingly, while Th1 skewing is achieved by both adjuvants via inhibition of IL-4 synthesis and increase in IFN-␥ synthesis, this phenomenon is achieved somewhat differently depending on the adjuvant used, as only macIL-12 significantly increased IFN-␥ synthesis in the CD4 ϩ T cell compartment (P Ͻ 0.05). In contrast, IL-28B increased IFN-␥ synthesis largely in the CD8 ϩ T cell compartment, but the levels of IFN-␥ were significantly higher than the levels of IL-4 in the CD8 compartment both with immunization alone and with the addition of macIL-12 and macIL-28 (Fig. 2B) .
IL-28B but not IL-12 drives IFN-␥ responses that persist long-term in the CD8
؉ T cell compartment. Since our analysis of gamma interferon and interleukin-4 production from CD4 ϩ and CD8 ϩ T cells suggested that both the macIL-12 and macIL-28B adjuvants were inducing a Th1 bias 2 weeks after the termination of the immunization period, we were further interested in determining if this profile persisted in long-lived immune responses. To that end, we subjected CD4 ϩ and CD8
ϩ T cells to analysis of IFN-␥ and IL-4 production 3 months after the immunization period had ended. The results of this analysis show that in the CD8 ϩ T cell compartment, the total cytokine responses (IFN-␥ and IL-4 together) in the macIL-12 group were lower than those seen using immunization with antigen alone (Fig. 3A and B) , while the total CD4 ϩ responses were higher, owing to increased production of IFN-␥ ( Fig. 3A and B) . The production of IFN-␥ in this group was slightly higher than that of IL-4 in the CD4 ϩ compartment, but not to the same extent as was seen 2 weeks after the final immunization, suggesting that the Th1-skewing influence of the macIL-12 adjuvant did not persist for prolonged periods (Fig. 3A and B) . In contrast, the macIL-28B adjuvant exerted a Th1 bias even in long-lived immune responses (P Ͻ 0.05). In the CD8 ϩ T cell compartment, the total responses were higher than those generated via immunization using antigen alone or using the macIL-12 adjuvant (Fig. 3A and B) , while the responses in the CD4 ϩ compartment were similar to what was seen using immunization with antigen alone (Fig. 3A and B) . Th1 skewing occurred in the CD8 ϩ T cell compartment via an increase in IFN-␥ production compared with that seen with the macIL-12 adjuvant or immunization with antigen alone (Fig.  3A and B) . These results collectively suggest that, while both the macIL-12 and macIL-28B adjuvants drive Th1 skewing, this influence is short lived when induced by macIL-12 but persists for prolonged periods when induced by macIL-28B, as evidenced by the fact that skewing was still observed 3 months after the immunization period had ended only in the macIL-28B group.
Differential skewing of the Th1/Th2 axis in the CD4 and CD8 T cell compartments by IL-12 and IL-28B. Investigation of the raw percentages of IFN-␥ and IL-4 production suggested a differential ability of the macIL-12 and macIL-28B adjuvants to skew antigen-specific immune responses toward the Th1 axis during the short-term and long-term periods postvaccination. In order to have a clearer view of the balance of the Th1/Th2 axis during these periods, we performed umbrella analysis of both T cell subsets individually (CD4 ϩ or CD8 ϩ ) and taken together (total CD3 ϩ ) and reported the contributions of IFN-␥ production and IL-4 production as percentages of the total Th response ( Fig. 4A and B) .
Analysis of the total T cell responses 2 weeks after the final vaccination shows a pattern in which both the macIL-12 and macIL-28B adjuvants were able to skew responses toward the Th1 side of the Th1/Th2 axis, as immunization using antigen only induced Th1 responses accounting for 67% of the total Th response, while the addition of macIL-12 or macIL-28B increased this response to 96% or 92%, respectively (Fig. 4A) . The ability of macIL-12 and macIL-28B to shift Th responses toward the Th1 side of the axis specifically in CD8 ϩ T cells is evidenced by the fact that these responses account for 95% and 99% of the total response, respectively (Fig. 4A) . In the CD4 ϩ T cell subset, the bias induced by macIL-12 was greater than that induced by macIL-28B, as 96% of the total response induced by macIL-12 was dedicated to the Th1 side of the axis, while the Th1 responses driven by macIL-28B accounted for 76% of the total response (Fig. 4A) . These results indicate that both adjuvants induced a higher Th1-biased response than immunization alone, driving Th1 responses accounting for 79% of the total Th response in the CD8 ϩ T cell subset and 55% for the CD4 ϩ subset (Fig. 4A) . 
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We next analyzed shifts in the Th1/Th2 axis 3 months after vaccination. Compared with the data reported 2 weeks after vaccination, the trends changed in regard to the influence of adjuvant in the CD4 ϩ and CD8 ϩ T cell subsets, as well as in regard to the total T cell response (Fig. 4B ). While vaccination with antigen alone induced a Th1-biased response from antigen-specific T cells 2 weeks after vaccination (Fig. 4A) , this trend shifted toward a more balanced Th1/Th2 response during the 3-month follow-up (Fig. 4B) . Moreover, while the macIL-12 adjuvant drove a strong Th1-biased response from T cells early after vaccination (96%) (Fig. 4A) , this influence seemed to be short lived, as it was not seen 3 months postvaccination (58% of the total response) (Fig. 4B) . The macIL-28B adjuvant showed a greater sustained skewing of Th1 responses from antigen-specific T cells than any other vaccination regimen, with 69% of the total T cell response dedicated to the Th1 axis 3 months after the final vaccination. This sustained shift in the Th1/Th2 axis was predominantly due to a continued strong bias toward Th1 cytokine production in CD8 ϩ T cells (85%) (Fig. 4B ) compared with that seen for macIL-12 or immunization using antigen alone (58% and 52%, respectively) (Fig. 4B) . In regard to responses in the CD4 ϩ compartment, macIL-12 again showed the greatest bias toward the induction of Th1-related cytokine production (58%), but the difference in this bias was not as impressive as the differences seen in the CD8 ϩ compartment. Taken together, these data suggest a profile in which both the macIL-12 and macIL-28B adjuvants induce a Th1 bias that lasts at least 2 weeks after the vaccination period, but the influence of macIL-12 wanes as time progresses, while the Th1-skewing influence of IL-28B can still be observed even 3 months after immunization has ended.
DISCUSSION
While adjuvants are often included in vaccines on the basis of being able to enhance antigen-specific immune responses just after vaccination, the data presented here suggest that, depending on the adjuvant, it is possible that this influence may be short-lived, and long-term analysis of adjuvant activity may be appropriate to ensure complete analysis of adjuvant impact.
Using the macIL-12 and macIL-28B adjuvants, we have been able to characterize two distinct long-term outcomes from adjuvants that seem to exert similar short-term effects on adaptive immune responses from peripheral T cells. Specifically, while the macIL-12 adjuvant skewed responses toward the Th1 axis shortly after the completion of the immunization schedule, this influence was lost when responses were reanalyzed after a 3-month rest period (Fig. 4C) . Conversely, the macIL-28B adjuvant was able to drive Th1-biased immune responses seen 2 weeks after the termination of the immunization period that were still active after 3 months (Fig. 4C) . While no boost was administered after the 3-month rest period, it is interesting to speculate as to the possible outcomes an additional immunization during this time would have had. Previous studies of IL-12 have suggested that it serves to drive effector responses that are short lived, especially in the context of CD8 ϩ T cell function (13) . Moreover, interferons have been shown to drive long-term memorylike responses quite robustly in the CD8 T cell compartment (13). It is interesting, then, to speculate that a boost with the immunization regimen containing the macIL-12 adjuvant after the rest period may have had additional short-term influences on the adaptive immune response, while a boost using the macIL-28B adjuvant may have resulted in an even greater expansion of the persisting long-term responses. Additional experimentation would be needed to verify if these outcomes would, indeed, be the case for boosting after the rest period.
Additionally, our analysis suggests that, while short-term Th1 skewing was achieved using both adjuvants, the mechanisms behind this phenomenon were based on the differential induction of IFN-␥ and repression of IL-4 production in different subsets of T cells. The macIL-12 adjuvant achieved this short-term influence through the induction of IFN-␥ in the CD4 ϩ T cell compartment, while the macIL-28B adjuvant achieved this through the induction of IFN-␥ in the CD8 ϩ T cell compartment, even 3 months after the final immunization (Fig. 4C) . Thus, closer examination of how adjuvants skew toward a Th1 or Th2 response may be important if correlates of immunity are known to localize to one T cell subset over another (CD4 versus CD8). The reasons behind the differences in T cell responses are currently unclear but may be related to differential expression of the IL-28 receptor complex on different subsets of macaque T cells. Indeed, comparative lymphocyte phenotyping for the IL-28 receptor complex has not yet been extensively performed in macaques and may be of significant value for studies of immunological function in the nonhuman primate model.
Understanding how adjuvants skew adaptive immunity and whether or not this skewing is maintained in long-term responses may be of critical importance in the development of novel vaccines against pathogens for which there is currently no approved protective vaccine regimen, such as HIV or hepatitis C virus. The data presented here suggest that researchers of vaccine adjuvants may find benefit in conducting additional studies over a prolonged period of time. The hierarchy of adjuvant-induced responses may be different when data are analyzed using filters for different T cell subsets or different times after immunization (Fig. 4C) . Therefore, continued multiparametric analysis of immune responses generated by adjuvants is likely necessary to ensure a complete adjuvant profile.
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